The bacterial variants concerned in this study represent microorganisms which lack part or all of their cell walls. These organisms, which are also called spheroplasts, protoplasts, and L forms, may be associated with persistent or recurrent infections in man (1-6). The occurrence of bacterial variants in human and experimental renal infections may be one reason for the chronicity of these infections (6, 7-11). Determining the relationship of L form isolates to infection in man is difficult because frequently the parent organism is isolated concomitantly with the L form. In order to establish a pathogenetic relationship between these forms and infection they must be isolated in the absence of classical bacteria, preferably in patients who are not receiving therapy with antibiotics which is known to induce these forms in vitro.
(Received for publication 12 December 1966) The bacterial variants concerned in this study represent microorganisms which lack part or all of their cell walls. These organisms, which are also called spheroplasts, protoplasts, and L forms, may be associated with persistent or recurrent infections in man (1-6). The occurrence of bacterial variants in human and experimental renal infections may be one reason for the chronicity of these infections (6, (7) (8) (9) (10) (11) . Determining the relationship of L form isolates to infection in man is difficult because frequently the parent organism is isolated concomitantly with the L form. In order to establish a pathogenetic relationship between these forms and infection they must be isolated in the absence of classical bacteria, preferably in patients who are not receiving therapy with antibiotics which is known to induce these forms in vitro.
Although previous experiments have shown that variants can revert to the parent form in vivo, little experimental data have been gathered demonstrating the ability of variants per se to invade and destroy tissue (12) . This study was performed in order to determine whether Escherichia coli variants can survive in several organs of experimental animals and to describe the histologic changes produced by these forms.
Materials and Methods
Induction of L Forms.--Variants were induced from it strain of E. coli serogroup 06 by exposure to penicillin and subsequently were passed at weekly intervals in the absence of further inducing agents. A limited number of studies was also performed with penicillininduced variants of an E. coil 075 strain, an untypable E. coli strain, and a strain of Kltbsidla.
Induction was performed as follows: a stock culture of the parent organism was inoculated into 10 ml of L form broth (6) plus 20% heat-inactivated horse serum (BBL) and was incubated at 37°C for 18 hr. A 0.1 ml aliquot of the bacterial suspension was then inoculated into * This work was supported by Public Health Service Training Grants AI146-07 and AI227-04, and Grants AI~x311-02 and AI-06882-01 from the National Institutes of Health, and in part under the sponsorship of the Commission on Immunization of the Armed Forces Epidemiological Board and by the Department of the Army under Research Contract MO-2308. 6O7
9.9 mi of L form broth and 10,000 units of aqueous penicillin G was added. The same amount of penicillin was added to the suspension every 12 hr for 48 hr and then every 24 hr for 3 subsequent days. On the 6th day 1.0 ml of the penicillin-induced suspension of variants 1 was added to 9.0 ml of L form broth, and aqueous penicillin was added to make a final concentration of 150 units/ml. Thereafter, 10 ml of the suspension was transferred into a fresh 90 ml aliquot of L form broth at weekly intervals. Organisms were passed in vitro for over 2 months in the absence of penicillin without reverting to the classical strain. The week prior to inoculation into animals an aliquot of the variant suspension was removed from the stock suspension containing penicillin, diluted 1-10 with penicillin-free broth, and incubated as described above. A 0.1 ml suspension of variants was cultured on McConkey and blood agar plates and on L form agar. There was no growth on the routine medium, but multiple small colonies of bacterial variants were demonstrated on the stabilized L form medium prior to injection into experimental animals.
Animal Inoculation.--All experiments were performed with 200-g female Sprague-Dawley rats. The animals were given light ether anesthesia and the abdomen opened in two layers. Under direct vision, 0.25 ml of the test suspension was inoculated through a 25 gauge needle into the renal medulla of the left kidney. The abdomen was closed with Michel's clamps. Animals were sacrificed at varying intervals after introduction of variants and the left kidney was removed under aseptic conditions and was cultured for variants and classical bacteria.
In some experiments variants were inoculated directly into the spleen and left lobe of the liver.
Histological Preparation.--Kidneys for histologic examination were bisected sagittaly, placed into 10% formalin, fixed in paraffin, and stained with hematoxylin and eosin. Two cuts were obtained from each kidney half, providing four sections from each kidney for examination.
Procedures for Isolation of Variant and Classical Bacteria from Tissues.--Organs obtained
from experimental animals were cultured both for classical bacteria and variants within 1-2 hr of the time of sacrifice. Each organ was homogenized separately in an Aloe tissue grinder (tube size 19 X 150 mm) using 5.0 ml of L form broth as diluent. 0.1 ml of the tissue homogenate was then streaked on both blood agar and McConkey plates. All plates which did not show classical bacteria within 48 hr were kept an additional 5 days and observed for slow growing bacteria. Lactose-fermenting Gram-negative rods isolated were further identified by indole and citrate reactions. Lactose-fermenting, indole-positive, citrate-negative organisms were then serogrouped according to a modified method of Edwards and Ewing (13) .
Culture for Variants.--To culture for variants, 0.3 ml of tissue homogenate from experimental animals was inoculated into each of two L form agar plates. One plate contained tetrazolium red indicator in concentration of 25 #g/ml. In addition, 0.3 ml of tissue homogenate was inoculated into an L form broth slant. The slant and agax plates were examined macroscopically twice weekly for 1 month before being discarded. 1 wk after inoculation, ~ inch agar squares from L form plates, free of colonies of classical bacteria, were used to inoculate an L form broth subculture. The broth subculture was then examined by phase microscopy for the presence of budding or granular forms. This examination was repeated weekly for 1 month.
Criteria for Variant Growlh.--In order to be defined as variants, organisms had to meet three criteria: (a) Macroscopically visible colonies which reduced the tetrazolium indicator to pink or red had to be formed on L form agar. These colonies were small and appeared only after 4 days of incubation, and the individual units were budding or granular round bodies.
Only variants which reverted to E. coli which were serogroupable were included in the data.
(b) Occasionally colonies of classical E. coli appeared on L form plates after 1 or 2 wk periods of incubation, having been previously inapparent. These were considered to be reverted variants and were included in the data. (c) L form broth cultures in which budding or granular organisms were visible when examined by phase-contrast microscopy were considered to be positive for variants only if subculture on agar produced variant colonies.
RESULTS OF BACTERIOLOGICAL STUDIES
Intramedullary Inoculation of Variants in the Absence of Penicillin.--In search for a suitable experimental model, preliminary studies had demonstrated that intracardiac inoculation of variants, followed by renal massage, failed to produce a renal infection. Variants were not recovered from liver, spleen, blood, or kidney. This was interpreted to mean that the organisms were not reaching the kidney in sufficient numbers to establish infection, or were killed either 4/4 before reaching the kidney or in the kidney. Even tissue obtained as early as 4 hr after intracardiac inoculation failed to show variants or classical E. coli 06. For this reason, it was decided to inoculate the variants directly into the renal medulla.
A 0.25 ml aliquot of a viable suspension of E. coli 06 variants was injected under direct vision into the renal medulla of the left kidney of 36 rats (Table I) . The animals were sacrificed in groups of four, 1 rain, and 1, 2, 4, 8, and 12 hr, and 1, 4, and 7 days following injection. Cultures from all groups of animals sacrificed up to 4 hr following injection of variants were negative for classical bacteria and were positive for variants. However, all kidneys harvested between 8 hr and 7 days after injection had abundant growth of the parent E. coli 06 This indicated that the variants could survive following intramedullary injection but reverted rapidly in the absence of penicillin. This observation was in sharp contrast to in vitro studies in broth in which variants did not revert in the absence of penicillin following weekly passage for 2 months or more. Table II depicts the results of experiments designed to suppress reversion of variants to classical organisms. Animals were treated concurrently with 12,000 units of benzathine penicillin 24 hr prior to injection of the variant suspension and twice daily for 2 consecutive days. Intramedullary survival of variants in the absence of classical bacteria was determined by sacrifice at short-term intervals after inoculation. Subsequently, reversion to the classical form following withdrawal of penicillin was determined by sacrificing animals on alternate days for 4 wk. Treatment with penicillin resulted in suppression of reversion from variant to classical form and variants were recovered from the left kidney of 7 of 12 animals sacrificed between 1 min and 2 hr after injection. However, variants were not isolated from any animal sacrificed 4 hr or longer after injection. Reversion to the parent strains did not occur in any animal pretreated with 12,000 units of benzathine penicillin and, reverted E. coli 06 were not isolated from any animal --This set of experiments was designed to compare survival and reversion of classical and variant forms of E. coli 06 in three visceral organs; kidney, liver, and spleen. These studies seemed relevant because the possible relative hypertonicity of kidney, as opposed to the isotonicityof liver andspleen, might favor the survival of variants. Two groups of 14 rats each were inoculated with E. coli 06 variants and classical E. coli 06 into the liver and spleen. Two additional groups of 14 animals each received E. coli 06 variants or classical E. coli 06 into the renal medulla. 28 animals from each of the four groups were sacrificed 1 and 4 days following injection.
Intramedullary Inoculation of Variants in the Presence of Penicillin.--
The results of these studies are shown in Table III . No variants were recovered but the number of reverted variants recovered from the kidney greatly exceeded that cultured from either liver or spleen both in animals sacrificed 1 and 4 days after injection. In contrast, the number of classical E. coli 06 isolated following injection of classical E. coli was similar in kidney, liver, and spleen.
lntramedullary Inoculation of Other E. coli Variants.
--This set of experiments was designed to determine whether the ability of variants to revert to classical forms after intramedullary injection was limited to a particular strain of E. coli.
These studies were conducted in the absence of penicillin and showed that variants induced from an E. coli of serogroup 075, as well as variants induced from a Klebsiella strain, behaved similarly to variants derived from E. coil 06.
Variants of these organisms reverted to the classical form following intramedullary injection but not in vitro. On the other hand, a variant of an untypable E. coli failed to revert both in vitro and in vivo. This nonreverting variant was inoculated into 36 animals which had not received penicillin. Animals were sacrificed 1, 4, and 7 days after inoculation and kidneys were cultured for variants and for classical bacteria. No variants or classical bacteria were grown from any kidney in this experiment and it was concluded that persistence and reversion of the variants is not constant for every strain of Enterobacteriaceae.
RESULTS OF HISTOLOGICAL STUDIES
Macroscopic Grading of Histological Reactions.--At the time of sacrifice the kidneys were examined for macroscopic lesions. The grading system was as follows: Normal kidneys or kidneys showing only 1-3 mm of discoloration or apparent injury at the site of needle puncture were judged negative for the presence of macroscopic lesions. Larger macroscopic reactions were arbitrarily graded 1 plus or 2 plus according to their size. Two plus reactions were lesions which involved over 25 % of the kidney, and in which there was grossly apparent distortion of the kidney contour. This took the form of linear depressed scars, localized swelling, or apparent localized abscess formation. The relative incidence of macroscopic renal lesions following injection of various test suspensions is depicted in Tables IV and V . Only the results of kidneys studied 4 days after injection were tabulated because these contained the most pronounced lesion. Grossly, an appreciable macroscopic lesion (2 plus) occurred in the majority of kidneys when either classical E. coli 06 or variant forms which reverted in vivo in the absence of penicillin were injected (Table  IV) . On the other hand (Table V) , forms which failed to revert to the classic form, exemplified by variants which were prevented from reverting by concurrent administration of penicillin, a penicillin-induced nonreverting variant, an L form broth control, E. coli 0111 endotoxin, or heat-killed 06 variants, seldom produced marked macroscopic lesions. Microscopic Grading of Histological Reactions.--The microscopic reactions to the various test suspensions were most pronounced on the 4th day following injection and, the descriptions of the pathological changes will be based primarily on animals sacrificed at that time (Fig. 1) . At the bottom of the figure are shown two sections from tissue containing classical or reverted E. coli 06. The histological reaction following the intramedullary injection of the parent or of variant E. coli which subsequently reverted to the classical form were identical. These lesions consisted of an acute widespread pyelonephritis. The normal architecture of the medulla was grossly distorted by sheets of infiltrating polymorphonuclear neutrophils. Tubular lumina frequently contained white cell casts with proteinaceous debris. This acute inflammatory process usually involved 25-75 % of the total area of the section.
FI6. 1. The histological response to each of the six test solutions is demonstrated (X 240).
Nonreverting E. coli 06 and 0 undetermined L forms which did not revert, L form broth without variants, and endotoxin elicited an identical reaction of moderate fibrosis and chronic inflammation contiguous to the needle tract. In contrast, reverted 06 L forms and classical E. coli 06 produced an intense, widespread acute pyelonephritis.
On the other hand, when classical organisms were not isolated, the lesion consisted primarily of a fibrotic reaction accompanied by mild chronic intlammarion in both medulla and cortex. Polymorphonuclear leukocytes occurred rarely; usually there was moderate infiltration with round cells. This cicatrizing reaction generally was found in areas contiguous to the needle tract and extended only a few millimeters from the site of trauma. Some sections disclosed dendriform spread of the reaction at the depth of the tract which probably represented a cleavage plane caused by the injection. The total area involved rarely exceeded 15 % of the section and purulent areas were not seen. Kidneys examined 7 days following injection showed clearing of the round cell infiltrate and only minimal fibrosis remained.
DISCUSSION
The results of these experiments demonstrate clearly that some E. coli variants which had been made apparently stable in vitro reverted rapidly in vivo after injection into the rat renal medulla. The histologic response created by the revertant was an acute pyelonephritis identical to that caused by the parent organism. Penicillin-induced variants of E. coli which did not revert in vivo and variants which were prevented from reverting during treatment with penicillin caused a histologic reaction in the kidney characterized primarily by fibrosis and mild chronic inflammation. However, this form of injury was also evoked by injection of L form broth alone. Thus, in the present study no evidence that variants per se were inherently pathogenic could be marshalled. Variants did retain the ability to revert to the pathogenic parent strain in vivo in the absence of an inducing agent. However, variants which did not revert in vivo were not recovered from experimental animals for more than 2 hr following experimental infection.
Silberstein in 1953 was the first to report that animal passage stimulated rapid reversion of variants (14) and passage through chick embryos has enhanced recovery of some bacterial variants from clinical material (15) . In a previous study dealing with the isolation of variants from patients with chronic bacteriuria performed in our laboratory (6) , variants were demonstrated in the urine of one patient on four separate occasions, but failed to revert to the parent form in vitro. When these stable variants were passed into rat renal tissue reversion to Proteus mirabilis resulted readily. Renal biopsy obtained from this patient revealed histologic evidence of pyelonephritis and, variants were cultured from homogenates of the tissue specimen and ultimately reverted to classical P. mirabilis. This result as well as the data reported here show that injection of material which is sterile on routine culture into animals might be a useful method for recovering the causative organism which may have persisted in tissue as a variant form.
The kidney was chosen as the major site of experimental infection because of previous reports indicating that variants may occur in the urine during human urinary tract infection (6) (7) (8) (9) (10) (11) . In the present study, there appeared to be enhanced reversion of variants in the kidney, while these forms failed to revert in liver and spleen. However, variants failed to persist in the renal medulla. Several factors may affect the survival of variants as well as classical forms in the kidney. Beeson and Rowley (16) demonstrated that kidney tissue inactivates the fourth component of complement, and Rocha and Fekety (17) showed that there is delayed mobilization of leukocytes in the renal medulla. Both these findings may explain in part renal survival of variants. The hypertonicity of the renal medulla may also increase the likelihood for persistence of osmotically fragile forms (9) (10) . However, in the experiments described above no attempt was made to evaluate the role of these factors in influencing infection of the renal medulla by either classical or variant forms. Furthermore, the stable variants employed in these studies may not be osmotically fragile (18) . Additional studies are necessary to ascertain whether the kidney actually has unique properties for supporting survival of variants as well as their ultimate reversion and, if present, to define these properties more clearly.
Some studies have demonstrated that endotoxin may be bound to the surface of variants and, in turn, is responsible for their toxicity (19) (20) (21) (22) . In the present study, however, injection of commercial endotoxin as well as heat-killed variants into the renal medulla failed to produce a pathological reaction greater than that caused by the broth medium alone. The differences in the results of experimental infections reported from one laboratory to another however, may be explained in large part, by different techniques employed for induction of variants, variation in methods of passing these forms in vitro to insure stability, and the use of different parent bacterial species (14, (23) (24) (25) (26) (27) .
Why variants differ in stability under different conditions is unknown. Recent work by Ryter and Landman (28) may offer an explanation. These workers have demonstrated that mesosomes, the internal structures of the bacterial cell which are normally responsible for orderly cell wall synthesis, are lost during the formation of protoplasts. A total loss of all mesosomes might therefore commit an organism to a stable, nonreverting state, while retention of occasional mesosomes in a population of variants would leave intact the potential for reversion.
In the present study, reversion took place in renal tissue suddenly. Cultures of renal tissue obtained 4 hr after injection were negative, while 8 hr after injection 106 reverted E. coli per gram renal tissue were present. This may be due to the simultaneous reversion of a large number of variants 4-8 hr after induction of infection. The concept of mass reversion has been introduced previously by Landman through his work with penicillin-induced: protoplasts (29) . Alternatively, a small number of variants might have reverted and rapid proliferation of the reverted parent then produced large numbers of bacteria in the kidney. The mean generation time for the classical organism during logarithmic phase of growth was only 20 min. Therefore, the absence of classical organisms 4 hr after injection and the appearance of 10~-106 classical forms 8 hr after injection could have been due to reversion of a small number of variants about the 4th hr after injection followed by rapid multiplication of these revertants. Which of these alternative pathways were followed requires further study.
These studies in rats do not clarify whether variants play a pathogenetic role in man. It well may be that conditions in the human kidney differ sufficiently from those in rat kidney so as to make these data inapplicable. Nevertheless, the available information supports the thesis that bacterial variants may be responsible for persistence of bacteria in the kidney but not for the inflammatory process produced by these microorganisms. SUMMARY 1. After injection into the renal medulla of rats Escherichia coli 06 variants reverted rapidly in vivo in the absence of penicillin. These variants had previously been shown to be stable in vitro.
2. Variants failed to survive following intramedullary injection when animals were receiving penicillin.
3. Late reversion of variants also failed to occur in animals treated with penicillin for only 1 or 2 days.
4. Variants survived and reverted more readily when injected in the renal medulla, compared with liver and spleen. Classical bacteria injected into the kidney, liver, and spleen were recovered in approximately equal numbers.
5. The histologic response to nonreverting variants, medium not containing variants, and killed variants was similar and was characterized by a fibrotic reaction with moderate round cell infiltration.
6. In contrast, the histologic response to reverting variants and to classical E. coli was characterized by an intense, acute, polymorphonuclear leukocytosis typical of acute pyelonephritis.
